Introduction
In communication engineering, a transmit antenna can be understood as a two-port network which transforms a guided wave on an input port to a radiated wave on an output port. Such a two-port network can be described by scattering parameters [1] , [2] :
• Reflection coefficient at the input S 11 is related to the power reflected back to the source by impedance mismatch of the input port (under the condition that the output port is matched).
In antenna engineering, frequency response of reflection coefficient can define impedance bandwidth of the antenna Δf im ( ) 11 10 dB,
• Transmission coefficient S 21 is related to the power transmitted from an input port to an output port of the network (under the condition that the output port is matched).
In filter engineering, frequency response of transmission coefficient can define selectivity of the filter [2] In antenna engineering, transmission coefficient can be related to the gain of an antenna in a main-lobe direction (a transmission from the input port to the main-lobe direction is considered). Therefore, frequency response of gain can define selectivity of an antenna playing the secondary role of a frequency filter.
An ideal band-pass filter exhibits a constant transmission coefficient in the pass-band, and a high selectivity. If an antenna behaves similarly (a constant gain in the pass-band and a high selectivity are achieved), we eliminate the need of using the band-pass filter at the output of the receive antenna because the corresponding filtering is performed by the antenna itself.
Antennas performing radiation and frequency filtering simultaneously are called filtering antennas (or filtennas) [3] , [4] . Existing approaches to the synthesis of filtennas are based on following approaches:
• An antenna element is represented by an equivalent circuit, and the circuit is optimized to obtain desired filtering properties. In [5] and [6] , specific planar radiators are synthesized to obtain a prescribed frequency response of reflection coefficient at the input of the antenna. Radiation properties are not included in the synthesis.
• A planar filter is designed in the first step. Then, the output port is removed, and the filter structure is modified to support the radiation [7] . Hence, the filter design methodology is used to develop an antenna, but radiation parameters are not considered during the design again.
• A feeding network of an antenna array is designed such a way so that the main-lobe direction stays constant in the pass-band. The design of antenna elements follows an equivalent-circuit approach to obtain requested filtering properties [8] . Nevertheless, radiation and filtering objectives are met separately during the design.
In our approach, we understand an array of dipoles with serial feeding being a frequency filter:
• An input port of the filter corresponds to the input port of the antenna. An output port of the filter corresponds to the radiation of the antenna in main lobe direction.
• Dipoles in the antenna array correspond to shunt resonators in the structure of the filter.
• In the pass-band, the antenna array is in resonance, and maximum of the excitation power is radiated to the main-lobe direction. In the stop-band, the excitation power is reflected by the input port of the detuned antenna back to the source.
In the role of frequency filter, the antenna array is described by frequency response of reflection coefficient as the first objective and frequency response of gain in the main-lobe direction (an equivalent of the transmission coefficient) as the second objective.
Nevertheless, an antenna array behaves as a spatial filter at the same time. Spatial properties of the antenna can be described by frequency response of sidelobe level as the third objective and deflection of the main-lobe direction as the fourth objective.
Synthesis of filtennas can be therefore conceived as a multi-objective optimization problem. According to our knowledge, such an approach to the synthesis of filtennas has not been published in open literature yet. The design process presented in this paper meets two radiation objectives (maximum sidelobe level, minimum main-lobe deflection) and two filtering objectives (maximum main-lobe gain, minimum reflection coefficient) together.
In order to reduce fabrication costs and ensure repeatability of production, the dipole filtenna is expected to be manufactured by a planar technology. Numerical analysis of a realistic planar antenna is relatively time-consuming since the complicated antenna structure has to be modeled by differential techniques. In order to reduce CPU-time costs, tuning-space mapping is applied [9] .
The mapping consists of two stages:
• Coarse optimization. Partial objectives are evaluated using a numerical model of an array of wire dipoles connected by serial feeding lines. Such a model of an antenna can be easily implemented in 4NEC2 (the method of moments).
• Fine optimization. Results of the coarse optimization are tuned using a realistic model of a planar dipole array implemented in CST Microwave Studio (the finite integration technique).
That way, CPU-time demands of the multi-objective synthesis of a planar dipole filtenna can be minimized. Most of iterations are performed using a CPU-moderate 4NEC model, and a low number of iterations are done using a CPU-expensive CST model. The synthesis process is described in Sec. 2 of the paper in detail.
In Sec. 3, parameters of the synthesized array are verified experimentally. Attention is dominantly turned to frequency responses of reflection coefficient, gain, side lobe level, and main lobe direction which were used to formulate objectives. Nevertheless, the synthesized filtering array is an antenna, and therefore directivity patterns of co-polar components and cross-polar ones are important as well. We therefore present results of measurements of those patterns as well.
Section 4 concludes the paper.
Synthesis of Dipole Array with Serial Feeding
The synthesized antenna array consists of parallel dipoles placed above the ground plane which limits the radiation to a half-space and increases the gain of the array. The array can contain 8, 16 or 32 dipoles.
In [10] , we compared various configurations of arrays of wire dipoles to be synthesized. From the fabrication viewpoint, dipoles connected by serial transmission lines were identified as a suitable structure.
The synthesized filtenna should behave like a frequency filter with the pass-band from 2.9 GHz to 3.1 GHz:
• In the pass-band, we require gain in main lobe direction G pass > 13 dBi, reflection coefficient S11 pass < -12 dB, and sidelobe level SLL pass > 6 dB.
Finally, we accept the main lobe deflection θ = ±5°.
• In the stop-band, we require gain in the main lobe direction G stop < 5 dBi, reflection coefficient S11 stop > -5 dB, and sidelobe level SLL stop < 2 dB.
In the synthesis of a planar dipole array with prescribed filtering capabilities, we use two different numerical models of the filtenna:
• Surrogate model of the array of wire dipoles with serial feeding and a ground plane (4NEC2, moment method).
• Realistic model of the array of planar dipoles with serial feeding, a balun and a ground plane (CST Microwave Studio, finite integration techniques). The realistic model of the filtenna is depicted in Fig. 1 . The optimizer changes amplitudes and phases of excitation currents, distances between dipoles and lengths of dipoles.
Amplitudes and phases of excitation currents are not expressed in the optimization formulation explicitly. Amplitudes and phases of currents are formed by serial feeders and are influenced by input impedances of dipoles in the array.
State variables (distances between dipoles, lengths of dipoles, and parameters of serial feeders) are iteratively computed by the multi-objective self-organizing migration algorithm (MOSOMA) [11] . For conflicting objectives, MOSOMA is able to determine the Pareto front of optimal solutions.
MOSOMA is aimed to meet four objectives: (1) maximum gain in the main lobe direction, (2) maximum sidelobe level, (3) minimum reflection coefficient at the input, and (4) minimum main lobe deflection.
In Fig. 2 , two-dimensional cut of the four-dimensional objective space is depicted. The horizontal axis f 2 is related to the functional value of the sidelobe-level objective, and the vertical axis f 1 corresponds to the functional value of the gain objective. The set of evaluated non-optimal solutions is represented by blue points, and the optimal solutions forming the Pareto front are indicated by red points. A high number of evaluated solutions show that the exploitation of the CPU-effective 4NEC surrogate model of the filtenna is reasonable. The 4NEC model is used to reveal dominating solutions creating the Pareto front (red points). Consequently, the dominating solutions are refined using the realistic CST model of the filtenna (Fig. 1) . Figure 3 shows results of the coarse optimization of the surrogate model of the filtenna (wire dipoles in 4NEC):
• Impedance matching achieves good values around the resonant frequency (Fig. 3a) .
• Frequency responses of gain show that selectivity of the filtenna (the slope of gain) depends on the number of dipoles (Fig. 3b ).
• Requested main lobe deflection is met by 8 and 32 dipoles only (Fig. 3c) .
• Requested sidelobe level is not reached.
The coarse optimization produces the dominating solutions in the form of state vectors. Distances between wire dipoles, and lengths of wire dipoles are elements of these state vectors.
When converting the wire filtenna into a planar one:
• Distances between planar dipoles were set to be identical with the distances between wire dipoles.
• Lengths of planar dipoles were set to be identical with the lengths of wire dipoles.
• Widths of planar dipoles were set to be identical with diameters of wire dipoles.
• The serial feeder connecting dipoles was designed with the characteristic impedance Z 0 = 73 Ω corresponding to input resistance of a dipole in resonance.
For the implementation of the converted planar layout, we used a thin substrate ARLON CuClad 217 with a low dielectric constant r = 2.17 and thickness t = 0.508 mm.
That way, an input of the fine optimization (planar dipoles in CST Microwave Studio) was created.
In the first step, we design a transformer [microstrip transmission line] → [balanced stripline] (balun). We have adopted a compact balun published in [12] .
In order to implement the impedance matching, we insert an impedance transformer between the balun and the array. In our case, a /4 impedance transformer is used.
For simplicity, let us concentrate on an array consisting of 8 dipoles. In Fig. 4: • Results of the coarse optimization are represented by red line and depicted as 4NEC (identical with blue dependencies in Fig. 3 ). The conversion of the wire filtenna to the planar one degrades parameters of the filtering antenna (red lines versus blue ones in Fig. 4) . Nevertheless, the degradation can be efficiently eliminated by a local tuning of the realistic CST model. Parameters of the fine planar model after tuning (green lines in Fig. 4 ) approach parameters of the coarse wire surrogate model (red lines in Fig. 4 ).
The planar model exhibits:
• Better impedance bandwidth S 11 < −10 dB (Fig. 4a) . Whereas the wire antenna is matched from 2.97 GHz to 3.06 GHz, the planar filtenna meets the required band from 2.90 GHz to 3.10 GHz.
• Higher gain (Fig. 4b) . The gain approaches the required value G pass = 13 dBi in the maximum. In the stop-band, gain approaches G stop = 5 dBi.
• The main lobe deflection exceeds the requested value θ = ±5° (Fig. 4c) . Here, further effort is needed.
• Higher sidelobe level (Fig. 4d) . The sidelobe level corresponds to the required value SLL pass = 6 dBi in the maximum. In the stop-band, sidelobe level approaches SLL stop = 2 dBi.
We can therefore conclude that the optimization of the surrogate model helps to reveal optima of the realistic one.
Since the described synthesis process of filtering antennas is not able to influence the effect of losses, we have neglected all the losses both in the CPU-effective 4NEC model and the realistic CST model.
Moreover, losses are very small in both the cases:
• The wire antenna can be constructed from metallic conductors in air. Therefore, losses in metal can influence parameters of the antenna only.
• The planar antenna consists of metallic strips on both sides of a very thin dielectric substrate. Since a negligible portion of electromagnetic field propagates through the substrate only, the planar structure exhibits similar losses like the wire one.
The effect of losses can be described by the efficiency of the antenna or the realized gain. All the gains given in the paper are realized ones.
Experimental Verification
We fabricated the dipole array of 8 dipoles with the serial feeding from the substrate ARLON CuClad 217 (Fig. 5) . The planar antenna was equipped with an SMA connector. We completed the dipole array by the planar reflector of finite dimensions 160 mm × 260 mm from the tinplate. The distance between the planar reflector and the dipole array was /4. As standoffs, we used polystyrene foam bricks.
The planar reflector limits the radiation to the halfspace above the antenna which positively influences the gain of the antenna (see Fig. 6 ). At the central frequency 3 GHz, the antenna exhibited the realized gain 8 dB without the reflector (red line) and 13 dB with an infinite reflector (blue line).
In numerical simulations, we have also verified the effect of finite dimensions of the reflector (green line in Fig. 6 ). Obviously, the dimensions 160 mm × 260 mm of the finite reflector are sufficient because frequency response of both the gains are close each other. In Fig. 7a , we compare the simulated reflection coefficient and the measured one at the input of the filtenna. The resonant frequency of the measured antenna is slightly lower compared to the simulated one. Correspondingly, the maximum value of the side lobe level and the main lobe direction are also shifted to lower frequencies. The frequency shift is probably caused by simplifications in the numerical model of the planar array (perfect conductivity, neglected polystyrene bricks, a simplified model of the coaxial connector, etc.).
The fabricated dipole array achieved a worse value of the reflection coefficient in minimum. On the other hand, the bandwidth of the array was slightly increased. The comparison of the simulated and measured gain is depicted in Fig. 7b . Clearly, the measured gain is higher than the simulated one. When depicting Fig. 7b , we measured the gain at ten frequencies in the range from 2.8 GHz to 3.2 GHz. Then, we interpolated values of the measured gain by a polynomial (the blue one). The measured dipole array exhibited a better selectivity, but in a wider range of frequencies.
Except of slight frequency shifts, frequency responses of the main lobe direction and side lobe level are very similar (see Fig. 7c and 7d) .
In order to characterize directive properties of the synthesized filtering array, normalized directivity patterns were measured at the central frequency f = 3 GHz. In Fig. 8a , co-polar and cross-polar components in E-plane are shown. In Fig. 8b , both the components in H-plane are given.
In the so-far characterization, the realized gain in the main lobe direction was considered as the dominant objective of the synthesis. The prescribed side lobe level and the prescribed main lobe direction played the role of constraints for the synthesis in a fact.
Summary
In the paper, we described a multi-objective synthesis of a filtering antenna consisting of planar dipoles. Frequency responses of gain, reflection coefficient, sidelobe level and main-lobe deflection were objectives of the optimization.
Pareto front of optimal solutions was computed by the multi-objective self-organizing migration algorithm (MO-SOMA). Since the computation of the Pareto front is CPUtime expensive, the accurate numerical model of a planar filtenna was replaced by a surrogate model of a wire antenna for coarse optimization. Results approve functionality of this approach which is an implementation of a tuning-space mapping in a fact.
The synthesized filtering antenna met requirements on the frequency response of gain, impedance matching and sidelobe level. Main-lobe deflection was higher than the prescribed one.
The designed antenna was fabricated and measured. Results of measurements confirmed validity of simulations.
